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I. REVIEW OF LITERATURE 
A. Photosynthetic Contribution of Cotyledons to Seedling Growth 
Cotyledons vary in function, size and appearance. All cotyledons 
function in the mobilization and transfer of storage materials to the de-
veloping embryonic axis. The cotyledons of some species also are capable 
of active photosynthesis. The expansion of epigeous cotyledons has been 
shown to be correlated with their capacities for efficient photosynthesis. 
It has been suggested that the expansion of epigeous cotyledons with their 
accompanying transformation to a photosynthetic role may represent a natu-
ral means of increasing germination efficiency (20, 21). There are anum-
ber of studies dealing with the relationship between photosynthesis of 
epigeous cotyledons, and early seedling growth of both gymnosperms and 
angiosperms (5, 28, 29, 30, 44, 45, 46, 47). 
The photosynthetic contribution of cotyledons to seedling growth has 
been determined by means of cotyledon covering or removal (5, 28, 29, 30, 
44). The removal of cotyledons in pepper (Capsicum annuum L.) up to 7 days 
after unfolding (at which time the first true leaves had reached cotyle-
donary size) retards subsequent development and flowering of the plant 
(44). Removal after 7 days had no effect. Sainfoin (Onobrychis viciaefolia 
Scop.) seedlings depend on stored substrates for the first 7 days of 
growth, but these stored materials are insufficient for normal first leaf 
formation (5). Cotyledon photosynthesis was determined to be the primary 
source of photosynthate in 7 day old sainfoin seedlings. Subsequent de-
creases in the photosynthetic contribution of cotyledons were found to be 
2 
proportional to the decreases in cotyledon area as a percentage of the 
total photosynthetic area of the plant. 
The importance of cotyledons to early growth of a wide range of woody 
species has been demonstrated by the use of photosynthesis inhibiting her-
bicides and by cotyledon covering or removal ·(28, 29, 30, 45, 46, 47). It 
was concluded that photosynthetically efficient cotyledons may confer a 
competitive advantage in seedling establishment. 
Cucumber (Cucumis sativus L.) has epigeous cotyledons that are highly 
adapted to a photosynthetic role. These cotyledons expand greatly, become 
leaf-like with high photosynthetic rates, and persist up to 50 days. Upon 
germination, cucumber cotyledons expand due to both an increase in cell 
size and to a 2-3 fold increase in cell number. Stomatal primordia are 
formed very early and the ability of the cotyledons to fix carbon dioxide 
(C02) begins during cotyledon expansion. Most photosynthates are retained 
by the cotyledons during expansion, with the highest export of photosyn-
thates occurring early after full expansion. Rates of co2 fixation in cu-
cumber cotyledons are highest during expansion and are frequently greater 
on an area basis , than fixation rates by leaves (14, 20, 21). A substan-
tial amount of the total photosynthetic area of cucumber is contributed by 
the cotyledons during the first weeks of growth and is believed to account 
for much of the dry weight gain of the seedlings (14). 
B. Chilling Injury of Thermophilic Plants 
The sensitivity of certain plant species to low, non-freezing temper-
atures has been recorded for centuries. These species of thermophilic 
plants are primarily tropical or sub-tropical in origin and are 
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characterized by physiological dysfunction at temperatures in the range of 
0 to approximately 10 C. The symptoms of this physiological dysfunction 
are collectively termed chilling injury. 
Early studies of chilling injury were concerned with the low temper-
ature storage of harvested plant parts, since low temperatures are gener-
ally conducive to the storage of fruits and vegetables. Characteristic 
symptoms such as surface pitting, discoloration and general tissue break-
down have been noted in all important horticultural commodities (19, 22). 
Such visual symptoms have been important in evaluating chilling injury be-
cause reliable quantitative measurements were lacking. Attempts to quan-
titate chilling injury have been made through studies on the respiration 
rates of cold stored fruits and vegetables, particularly upon return to 
warmer temperatures (9, 10). Cucumber fruits subjected to warmer tempera-
tures after storage at chilling temperatures show a rise in respiration 
rate that eventually reaches a plateau that is followed by a decline in 
respiration (10). The increasing respiration rates occur concurrently 
with development of injury symptoms and differ from those in fruits 
stored at non-chilling temperatures. The respiration rates were thus 
found to be a rough index of the severity of injury. Chilling injury dur-
ing cold storage also has been studied at the physiological and biochemi-
cal level in bananas, avocados and apples, as w~ll as in other horticul-
tural crops (22, 31). 
Chilling injury also is important in the natural environment since 
low temperatures are a major factor in controlling the geographical dis-
tribution of agronomic and horticultural plants. Low temperatures may 
prevent germination or influence subsequent seedling growth and 
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development (3, 4, 43). The effects of chilling temperatures on seedling 
development are characterized primarily by reductions in photosynthesis, 
and by alterations in plant water-relations. 
C. Chilling-induced Reductions in Photosynthesis 
Pretreatment of thermophilic plants with low temperatures is known to 
depress their photosynthetic rates compared to unchilled plants. Much of 
the research characterizing this effect has employed chilling in the ab-
sence of light. Net co2 uptake by 2 week old bean (Phaseolus vulgaris·L.) 
plants was reduced by a low night temperature. Plants kept overnight at 
10 C exhibited low rates of co2 uptake for several hours followed by a 
gradual return to normal (15). Similar results were obtained with bean 
plants that had been exposed to a single night at 5 C (6). Net photosyn-
thesis of Xanthium strumarium L. decreased with increasing exposure to a 
10 C/5 C, day/night cycle (7). Photosynthesis in cucumber was found to be 
greatly reduced by chilling at 5 C in the dark (59). 
In contrast to these studies, there has been little work concerning 
the effects on photosynthesis of low temperatures in the presence of light. 
Chilling at 10 C in the light has been shown to cause permanent damage to 
the photosynthetic capacity of leaves of various c3- and c4- pathway spe-
cies (51). The extent of damage, although varying greatly among species, 
increases with increasing light intensity and the length of chilling. Al-
though light intensity seems important in causing injury at low tempera-
tures, no dark-chilled controls were used. As a result, it is not possible 
to compare the effects of chilling in the light with those in the absence 
of light. 
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The photosynthetic depressions caused by prechilling both in the pre-
sence and in the absence of light may be due directly or indirectly to 
low temperature effects on 1) chloroplast photophosphorylation, electron 
transfer and thylakoid functions 2) soluble and membrane-bound enzymes 
3) membrane phase transitions 4) plant water-relations or 5) photo-
oxidation of photosynthetic pigments. 
1. Chloroplast photophosphorylation, electron transfer and thylakoid 
functions 
The effects of dark prechilling of chilling-sensitive bean leaves on 
chloroplast functions has been studied (27). ~vivo dark-chilling sharply 
reduced oxygen evolution of isolated chloroplasts, but resulted in little 
change in cyclic photophosphorylation. Dark-chilling of cucumber cotyle-
dons was found to inhibit PS II to a greater extent than cyclic photophos-
phorylation (16). These results suggest that PS II is more sensitive to 
chilling than PS I. 
Low temperatures in the light has profound effects on chloroplasts of 
thermophilic plant species. Chilling is accompanied by thylakoid intra-
space contraction, followed by stromal swelling, and finally a redilation 
of the thylakoids (52). When cucumber cotyledons are chilled in the pre-
sence of light, inhibition of both cyclic and non-cyclic phosphorylation 
occurs to a greater degree than under chilling in the dark (16). The ef-
fects of chilling in the presence or absence of light, both in vivo and in 
vitro, on subsequent thylakoid functions in cucumber (a chilling-sensitive 
plant) and in spinach (a chilling-resistant plant) have been compared (12). 
Pretreatment of isolated thylakoids and leaf discs at 4 C in the dark had 
no effect on either species. Chilling in the presence of light caused 
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rapid inactivation of various thylakoid function, these inactivations oc-
curring in the following sequence: PMS-dependent cyclic phosphorylation, 
proton uptake, osmotic response to sucrose, c2~+-dependent ATPase activity 
·~ 
and chlorophyll content. Inactivation was noted in cucumber after both 
in vivo and in vitro pretreatment, but in spinach only after in vitro chill-
ing. The results suggest that the chilling-resistance of spinach chloro-
plasts ~vivo is not solely a function of the thylakoid membranes. 
2. Soluble and membrane-bound enzymes 
Major changes are observed in the Arrhenius activation energies of 
a number of key, membrane-associated enzyme systems below 10 C in chilling-
sensitive plants (40). It has been suggested that the greater inhibition 
of membrane-bound enzymes at low temperatures as compared to soluble 
enzymes would create a severe metabolic upset, resulting in the symptoms 
of chilling injury (22). This inhibition of membrane-bound enzymes is be-
lieved to be the result of membrane phase changes at low temperatures. 
Activation energies of various chloroplast reactions are known to be 
increased sharply at chilling temperatures in chilling-sensitive plants. 
Photoreduction of NADP+ in bean was shown to have a sharp break in the 
Arrhenius plot at about 12 C while no change in slope was noted in the 
range 3-25 C in chilling-resistant pea (48). These results indicated that 
the immediate effect of chilling temperatures is localized in the reducing 
side of PS I and involves membrane-bound electron transfer enzymes. 
Another study, however, found no alteration in the activation energies 
of several photosynthetic enzymes of soybean or maize after pretreatment 
to 10 C in the light (54). Such conditions did modify patterns of radio-
carbon exchange between photosynthetic intermediates of chilling-sensitive 
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Sorghum bicolo~ resulting in an increase in the label accumulation in 
aspartate (2). This accumulation was apparently due to a restriction in 
carbon exchange between early c4- pathway intermediates. In addition, 
chilling in the light caused amino acids to accumulate in chilling-resis-
tant plants and caused amino acid levels to fall sharply in chilling-sensi-
tive sorghum (53). These metabolic upsets suggest at least an indirect 
effect of low temperatures on plant enzyme systems. 
3. Membrane phase transitions 
The metabolic dysfunctions observed due to chilling temperatures have 
been proposed to result from a single effect, namely membrane solidifica-
tion at low temperatures (22). The freezing points of lipid mixtures 
were found to decrease slowly as the content of unsaturated fatty acids 
was increased to 60 mole% (23). Beyond this, freezing points were rapidly 
depressed by further addition of unsaturated fatty acids. A difference 
of less than 5% in the unsaturated fatty acid concentration had a marked 
effect on the freezing points of mixtures of lipids which contained the 
approximate unsaturated fatty acid content of plant membrane lipids. Dur-
ing chill-hardening of bean, there is an increase in the unsaturation of 
fatty acids associated with the phospholipid fraction of the membranes (58). 
These results suggest that chill-hardening prevents chilling injury by in-
creasing membrane unsaturation and preventing membrane solidification at 
low temperatures. 
Phase changes have been observed by electron paramagnetic resonance 
(epr) spectroscopy in membrane lipids of mitochondria and chloroplasts from 
chilling-sensitive plants (41). Such temperature-induced changes have been 
noted to correspond to the temperature that is critical in causing chilling 
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injury. Such phase changes may be important in increasing the activation 
energies of membrane-bound enzymes, and in causing changes in processes 
which depend on membrane structural features (40). Arrhenius plots of 
mitochondrial respiration rates of chilling-sensitive cucumber showed a 
linear decline in the range from 25 C to about 9-12 C, at which point a 
break in the slope occurred (24). No break was noted using chilling-re-
sistant potato. It was concluded that a membrane phase change had taken 
place at about 10 C in cucumber mitochondria. Mitochondria from chilling-
resistant plants were found to have a higher degree of flexibility and a 
greater unsaturation of membrane lipids than mitochondria from chilling-
sensitive species (25). It was suggested that the injury noted in chilling-
sensitive tissues may be due to the inability of the relatively inflexible 
mitochondria to function at low temperatures. 
The permeability of chloroplasts form chilling-resistant pea (Pisum 
sativum L.) to glycerol showed a smooth dependence on temperature, while 
chloroplasts from chilling-sensitive bean showed a sharp break at 11 C (33). 
This may indicate a phase transition in membranes leading to higher permea-
bilities at low temperatures for chilling-sensitive species. 
There is still some debate as to the importance of membrane phase 
changes in chilling injury. Chloroplasts from both chilling-sensitive and 
chilling-resistant plants were found to undergo a change in membrane activ-
ity (Hill reaction) at low temperatures above freezing, and the presence 
of such a change was not necessarily correlated with chilling sensitivity 
(34). Drought-hardening at 25 C, 40% R.H., by withholding water for 4 
days, was found to be as effective in preventing chilling injury to leaves 
of bean, as 4 days of chill-hardening at 12 C, 85% R.H. (57). Although 
9 
both methods were equally effective, drought-hardening resulted in no in-
crease i n the degree of unsaturation of the membrane lipids, whereas chill-
hardening did increase the unsaturation of the phospholipids. The effects 
observed during drought-hardening are inconsistent with the membrane 
phase-change hypothesis of chilling injury. Leakage of electrolytes from 
unchilled leaves of bean immersed in water at 25 C was twice as fast as 
the leakage from unchilled leaves transferred to water at 5 C (57). This 
is the opposite effect from that which is predicted by the membrane phase-
change hypothesis. 
4. Plant water-relations 
Water stress has been shown to occur during chilling (7. 8, 18, 22, 
35, 57, 59) and like chilling itself, it may inhibit photosynthesis for 
a variety of reasons. Water stress may directly affect chloroplast photo-
synthetic activities. Large losses of photochemical activity of chloro-
plasts isolated from Swiss chard (Beta vulgaris) occurred after plants had 
been subjected to prolonged water stress (32). Small changes in leaf 
water-content at this stage were accompanied by large changes in cyclic 
phosphorylation mediated by PMS and the Hill reaction mediated by ferri-
cyanide or DPIP . The rates of co2 fixation by isolated spinach chloro-
plasts is inhibited by reduced osmotic potentials (38). Spinach is a 
chilling-resistant plant, and this suggests that water stress does not oc-
cur in spinach during chilling, although a direct effect of water stress 
on chloroplasts may be of importance in chilling injury of chilling-
sensitive species. 
High stomatal resistances also may inhibit photosynthesis by decreas-
ing carbon dioxide flow into the leaf. Stomata of tobacco (Nicotiana 
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tabacum L.) and broad bean {Vicia faba L.) do not open fully until 24 
hours following a period of water stress (11). 
In sorghum, a night temperature of 5 C reduced both the rate and ex-
tent of stomatal opening during the following day (35). There was a cor-
responding reduction in photosynthesis which was attributed to stomatal 
closure due to water deficits during chilling. Water deficits decreased 
photosynthesis by closing stomates in intact sorghum leaves (36). Stomata 
of excised leaves, however, closed at much lower leaf water contents and 
stomatal closure was not as well-correlated with photosynthetic reduction 
as in intact leaves. 
Severe reductions in photosynthesis of cucumber leaves occur upon 
chilling at 5 C and 85% R.H. in the dark (59). When cucumber plants were 
chilled at 5 C and 100% R.H., leaves did not lose water, but photosynthesis 
was still reduced. This indicates that chilling injury to photosynthesis 
in cucumber is not solely a function of water stress. Leaf net photosyn-
thesis and stomatal conductance were found to decrease with increasing 
duration of prechilling in Xanthium (7). The photosynthetic reduction was 
not due, however, to decreases in stomatal apertures, as the internal co2 
concentration in prechilled leaves was equal to or greater than that in the 
controls. It was concluded that the decreases in stomatal apertures and 
in photosynthesis after pr~chill i ng were independent events. 
5. Photo-oxidation of photosynthetic pigments 
A reduction in chlorophyll content of cucumber leaves occurred after 
24 hours of chilling in the light but not upon chilling in the dark (59). 
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Pigment degradation was measured in cucumber leaf discs under chilling 
temperatures (55). No degradation was noted in the dark, but upon chill-
ing in the light, chlorophylls and carotenes Here degraded. This degra-
dation was prevented by DCMU application and the process was determined to 
be photo-oxidative. The degradation of chlorophyll was observed to have 
a lag-phase of up to 24 hours, while a wide variety of thylakoid functions 
are inhibited by chilling in the light for much shorter periods (12). 
This suggests that pigment photo-oxidation is a secondary process which is 
of little importance in causing a direct reduction in photosynthesis of 
cucumber under chilling in the light. 
D. · Effects of Chilling on Plant Water-Relations 
Water-relations of thermophilic plants are upset by chilling tempera-
tures (42, 43, 57, 59). These imbalances have been attributed either to 
membrane phase changes or to transpiration occurring in excess of root water 
uptake at low temperatures. At the present time, this conflict remains 
unresolved. In either case, chilling injury manifests itself in increased 
leakage of cell materials, loss of turgor, and wilting. 
When cucumber plants were chilled at 5 C and 85% R.H., the leaves wilt-
ed rapidly (59). Similar results have been demonstrated with bean plants 
(57). As previously mentioned, the cause of wilting in bean was concluded 
to be due to the opening of stomates at a time when the permeability of 
the roots to water was low. Chilling was found to decrease stomatal resist-
ance in bean. Resistance to chilling injury, as measured by necrosis of 
cotyledons and the reduction of vegetative growth of cucumber, was found to 
be increased by applications of ABA, or by ABA increases induced by drought-
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hardening (42, 43). ABA is known to cause stomatal closure and this is 
the suggested mechanism of ABA amelioration of chilling injury in 
cucumber (57). 
Other workers have found that stomatal resistances increase at low 
temperatures. In tobacco leaf discs, stomatal apertures were found to be 
at least 3 times greater at 30 C than at 10 C. Stomatal opening is in-
hibited below 10 C in bean and tobacco leaves (17). Also, leaf resistances 
in Xanthium plants pretreated to low temperatures (10 C day, 5 C night) 
were higher than in the untreated controls (8). If stomates are closed 
during exposure to chilling temperatures, then wilting during chilling is 
likely to be due to some other reason than to water losses by transpiration. 
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II. LIGHT ENHANCEMENT OF CHILLING INJURY 
UNDER SIMULATED 
SPRING FIELD CONDITIONS 
A. Introduction 
The reduction in photosynthesis caused by chilling is enhanced by 
the presence of light during chilling (16, 59). These studies, however, 
do not show a direct comparison between the effects of chilling temperatures 
in the presence and in the absence of light on photosynthesis of thermo-
philic plants. 
Chilling temperatures, under spring field conditions, may occur in 
the early morning and persist for some time after sunrise. Since light 
enhances injury at chilling temperatures, it is possible that the period 
of chilling after sunrise may be the period where most damage is incurred. 
Experiments were conducted to compare the effects of chilling in the light 
with chilling in the dark. 
B. Materials and Methods 
1. Planting and growing procedures 
Seeds of Cucumis sativus L. cv. ~1arketer were planted in 38 x 54 x 
8 em wooden flats in a 1 soil:1 peat:1 perlite (by val) mixture and main-
tained in a g~eenhouse. Spacing of seeds in the flat was facilitated 
through the use of a dibble board, and upon germination, seventy seedlings 
were retained per flat. The plants were fertilized weekly with a complete 
hydroponic fertilizer solution and watered 1-2 times daily. The plants 
were maintained under natural lighting conditions. 
14 
2. Treatment conditions 
One week after planting, one flat of cucumber seedlings was placed 
into each of 2 growth chambers (Percival) preset for a daily cycle of 10 
hours at 7 C followed by 14 hours at 26 C. In one chamber, the daylength 
was 16.5 hours, with the lights coming on 2.5 hours before the temperature 
rose. This represented the light-chilling treatment. In the other chamber, 
the daylength was 14 hours, with the lights coming on after the temperature 
rose. This represented the dark-chilling treatment. The plants remained 
under these conditions for about 2 weeks. 
3. Fresh and dry weight, and chlorophyll content determinations 
Two weeks after being placed in the growth chambers, fresh and dry 
weight, and chlorophyll content evaluations were made. Fresh and dry 
weights were determined for 10 average-sized first true leaves in each 
treatment. Dry weights were determined by wrapping the tissues in cheese-
cloth and drying in an oven (Thelco model 17) at 35 C and weighing at 
daily intervals until no further weight loss was observed. All weights 
were measured with an ana 1 yti ca 1 ba 1 ance (t1ett 1 er type H15) . 
The chlorophyll content of three 20.0 q samples of first true leaves 
from each treatment were measured. The leaves were weighed on a triple-
beam balance and subsequently ground with a homogenizer (Virtis "23") in 
80% acetone for 2 minutes. The resultant homogenate was filtered into a 
suction flask to remove the residue, and the volume was measured. A 0.1 ml 
aliquot was placed in a spectrophotometer cuvette with 10 ml 80% acetone 
(a 100-fold dilution) and the absorbance measured at 645 nm and 663 nm. 
The concentration of chlorophyll in the cuvette was determined by the fol-
lowing formula (1, 26): 
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(A645 x 20.2) + (A663 x 8.02) =chlorophyll concentration in vg/ml. 
This concentration times the dilution factor (100) gave the concentration 
of the original extract. The extract concentration times the extract vol-
ume gave the chlorophyll content of the extract in ~g. Dividing the chlo-
rophyll content of the extract by the weight of the tissue from which the 
extraction was made (20.0 g), the amount of chlorophyll per g fresh weight 
(FW) was determined. 
C. Results and Discussion 
The results of the fresh and dry weight, and chlorophyll determina-
tions are presented in Table 1. After treatment in the chambers for two 
weeks, a great difference was noted in the extent of growth of plants under 
the 2 treatments. The plants subjected to the dark-chilling treatment were 
generally larger and healthier in appearance. Leaf fresh weight from plants 
in the dark-chilling treatment was near double that in the light-chilling 
treatment, and leaf dry weight was 10 times greater in the dark-chilling 
treatment than in the light-chilling treatment. 
Chlorophyll content of the first true leaves (~g/g FW} was slightly 
greater among seedlings from the dark-chilling treatment as compared with 
those from the light-chilling treatment. Seedlings from the light-chilling 
treatment were much more succulent than those from the dark-chilling treat-
ment (3.2% and 17% dry weight, respectively), and chlorophyll content was 
greater in seedlings from the light-chilling treatment on a dry weight 
basis. This seems to contradict the concept that photo-oxidation of chlo-
rophyll occurs in cu~umber under chilling in the light. Pigment degradation, 
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Table 1. Fresh and dry weight, and chlorophyll content comparisons be-
tween the first true leaves of cucumber seedlings subjected 
to 10 hours chilling per day for 2 weeks. Chilling was 
either entirely in the dark (dark-chilling treatment) or 
in the aark for 5.5 hours with 2.5 hours chilling in the 
presence of light (light-chilling treatment). 
Treatment 
Dark-chilling 
Light-chilling 
Fresh weight of 
10 first true 
leaves 
(g) 
5.9 
3.1 
Dry weight of 
10 first true 
leaves 
(g) 
1.0 
0.1 
Chlorophyll 
content 
(mg/g FW) 
15.8 
13.7 
however, has been shown to require up to 24 hours of continuous chilling 
in the light (55). Perhaps the intervening warm periods between the 10-
hour periods of chilling employed here were sufficient to reverse the 
processes leading to photo-oxidation of pigments. 
It is apparent from the fresh and dry weight determinations that the 
presence of light during chilling enhances injury to cucumber seedlings. 
The reduced growth is probably not the result of photosynthetic reductions 
due to pigment degradation, but may be due to photosynthetic reductions of 
a more direct nature, as light-chilling reduces photosynthesis in thermo-
philic plants, even upon warming (51). 
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III. PHOTOSYNTHETIC CONTRIBUTION OF COTYLEDONS 
TO EARLY GROHTH OF CUCUMBER SEEDLINGS 
A. Introduction 
Cucumber seedlings possess cotyledons which are large, long-lasting 
and leaf-like, with high photosynthetic rates (20, 21). These cotyledons 
are the major photosynthetic organs of the cucumber plant during early 
seedling growth (14), at a time when chilling temperatures are most likely 
to occur under field conditions. Because of these factors, cotyledons 
are a useful tissue for studying the aftereffects of chilling on photosyn-
thetic rates in cucumber seedlings. Seedlings used in such studies should 
be at a developmental stage where their cotyledons are actively photosyn-
thetic and contribute significantly to the total co2 fixation of the plant. 
Experiments were conducted to determine the photosynthetic contribution 
of cotyledons versus leaves at various developmental stages, and to fur-
ther elucidate the· importance of cotyledons to early growth of cucumber 
seedlings. 
B. Materials and Methods 
1. Planting and growing procedures 
Seeds of· Cucumis sativus L. cv. Marketer were planted in 10 em plastic 
pots, and after germi nation 4 seedlings were retained per pot. Plants 
were watered daily and kept under natural light conditions. Day/night 
temperatures were about 21-24/18 C. Fertilization was done weekly with 
a complete hydroponics solution. 
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2. Treatment conditions 
The study consisted of 3 treatments designed to determine the rela-
tive co2 fixation of the cotyledons vs. the leaves at various developmental 
stages, the effect of age on cotyledon co2 exchange rates (CER), and the 
contribution of the cotyledons to the dry weight gain of young plants. 
The first treatment was conducted by planting seeds at 2 day intervals for 
24 days so that plants of different ages were available for analysis on 
the same day. The plants tested were of ages 10-24 days from planting. 
Measurements were made of the total area and of the CER of cotyledons and 
true leaves from 4 plants in each age group. Foliage areas were deter-
mined with a portable area meter (Li-cor model Li-3000), and CER was deter-
mined by a rapid infrared gas analysis method (37). CER was measured in 
composite samples from each of the leaves or cotyledons present to provide 
an average value for leaf and cotyledon CER per plant. The relative con-
tribution of the cotyledons vs. the leaves was dete,~mined by multiplying 
the leaf and cotyledon areas by the corresponding CER. The treatment was 
replicated twice. 
The second treatment was conducted by planting seeds every 2 days 
for 30 days, at which time the oldest plants had cotyledons that were 
visibly senescing. Measurements were made of cotyledon CER from 4 plants 
of each age group between the ages of 9-31 days from planting. 
The third treatment consisted of establishing 4 plants in each of 30 
pots. The pots were divided into 4 groups with the plants in 10 pots being 
kept as controls while the cotyledons of plants in the other pots were re-
moved at either 11, 13, or 17 days after planting. Cotyledons were re-
moved with a razor at the stem and the cut surfaces were sealed with lanolin 
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paste to prevent desiccation. The above ground portion£ of 4 seedlings 
(1 pot) from each group were harvested at 2 day intervals and the dry 
weights determined as described previously. Cotyledons were removed from 
the controls just prior to drying. From these measurements, the effect 
of cotyledon removal at various ages on dry weight accumulation was 
determined. 
3. CER determination 
A description of the CER measurement system employed has been pre-
viously published (37), and only particular modifications used in these 
experiments shall be explained here. Tissues to be measured were placed 
between moist paper towels in a styrofoam ice chest for transport. The 
tissue was cut with a razor to a rectangular shape of known area and in-
serted on a plastic frame into a preconditioning cha~ber. This water-
cooled, transparent chamber was employed to equilibrate the tissues to the 
conditions under which CER measurement was made. The tissues were given 
-2 -1 photosynthetically active radiation (PAR) of 900 p~ m sec and tempera-
tures were maintained at 2R C with air flow rates of approximately 1 1/min. 
Eight tissue samples could be preconditioned simultaneously. Samples were 
preconditioned for about 21 minutes before they were transferred to another 
chamber where the CER measure~e~ t was made. Each CER measurement took 
approX.imateJy 3 ni nutes. 
The CER measurement system employed a Beckman infrared gas analyzer 
that was calibrated with 2 gas standards differing in co2 concentration 
by 71 ppm. The analyzer was connected to the measurement chamber such that 
the difference in the co2 concentration between the chamber inlets and 
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outlets was measured in ppm. The data obtained were used to calculate CER 
according to the method of Hesketh and Moss (13, 39). The formula is: 
CER = (6C02• F·K)/(A·T) 
where CER -2 1 = co2 exchange rate (mgC02 dm hr- ), 
~co2 = change in concentration of carbon dioxide between inlet and 
outlet in ppm, 
F =air flow through the chamber (~/hr), 
K = 0.53625 =· {(44000 mg C02)/22.4} X 273 X 10-
6, 
a conversion factor from liters of co2 to mg C02 
A - leaf area (dm2) 
T = chamber temperature (Kelvin) 
The preconditioning length of about 21 minutes was chosen as a stan-
dard because it gave reliable, consistent results and was convenient for 
making rapid sequential measurements. The CER values obtained should not 
be considered absolutely precise because the air pumps did not deliver a 
steady air flow through the measurement chamber. The deviation from a 
steady air flow was not great, but it did make it difficult to set the same 
flow rate each day. Once set, the flow rates and their pattern of fluctua-
tions remained constant throughout that day•s use. Therefore, measurements 
were consistent within a day•s work, and since the experiments involve rela-
tive differences, the system was quite satisfactory. Control tissues were 
analyzed at the same time as treated tissues when the experiment permitted, 
and the data is presented as% of control. 
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C. Results and Discussion 
The contribution of the cotyledons to total net co2 exchange corres-
ponded closely to their contribution to total foliage area (Fig. 1). This 
correspondence was not exact because cotyledon CER generally were higher 
than those of leaves. At 16 days, the cotyledons represented slightly 
more than half the total foliage area while contributing nearly 80% of the 
total net co2 exchange of the plant. At 24 days, the cotyledons still ac-
counted for about one-fourth of the total net co2 exchange. The results 
are similar to those observed in sainfoin (5). In sainfoin, the contribu-
tion of cotyledons to total net co2 exchange was observed to be closely re-
lated to cotyledon area in relation to total foliage area. The higher CER 
of cotyledons as compared to leaves agrees with the results ofHopkinson (14). 
The effect of seedling age on cotyledon CER is given in Fig. 2. There 
was an initial period of relatively constant, high CER up to 17 days from 
planting. This corresponded developmentally to the period up to the time of 
near full expansion of the first true leaf and was tenned Phase I. After 17 
days, cotyledon CER dropped rapidly to a plateau (21-25 days) and then to 
near zero 31 days after planting. This period was termed Phase II. 
The effect of cotyledon removal during Phase I on dry weight accumulation 
is given in Fig. 3. Remova 1 of cetyl edons after 11 days, before the first true 
leaf had emerged, halted dry weight accumulation. Removal at 13 days, when 
the first true leaf was emerging had a less severe effect. Removal at 17 days 
created a 2 day lag in dry weight accumulation by the 23rd day. By this time 
however, dry weight accumulation rates between the controls and the seedlings 
which had their cotyledons removed at 17 days were similar, suggesting that 
the seedlings had recovered from the cotyledon removal process. 
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Cotyledon removal during Phase I reduced growth as measured by dry 
weight accumulation. This probably resulted largely from the fact that 
during Phase I, cotyledons are the major photosynthetic organs of cucumber 
seedlings, exhibiting relatively steady, high rates of photosynthesis, and 
contributing 60-100% of the total net co2 exchange. For consistency and 
practical importance, cotyledons used in studying chilling injury to photo-
synthesis in cucumber seedlings should be from Phase I. Comparisons of 
the effects of chilling on cotyledons from the 2 phases may be of interest, 
however, because differences might give some insight into the mechanisms 
of chillinq injury. 
Phase II corresponds to a period of cotyledon senescence which begins 
far in advance of visible yellowing. A comparison of cotyledons in each 
of the 2 phases could be useful in determining events marking the initia-
tion of senescence. 
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IV. AFTEREFFECTS OF LIGHT AND CHILLING 
TEMPERATURES ON PHOTOSYNTHESIS 
IN EXCISED COTYLEDONS 
A. Introduction 
Wilting is observed when cucumber seedlings are chilled in either the 
presence or absence of light (57, 59). In addition to wilting, chilling 
also causes reductions in photosynthesis which persists upon warming (6, 7, 
15). These reductions in photosynthesis may result both from chilling-in-
duced water stress, and from a more direct effect of low temperatures (11, 
16, 27, 32, 35, 36, 38). Experiments were conducted to observe the 
direct effects of low temperatures on photosynthesis by chilling excised 
cotyledons under conditions which precluded water stress. 
B. Materials and Methods 
Cucumber seeds were planted in flats and maintained in a greenhouse as 
previously described. Two weeks after planting (during Phase I), cotyle-
dons were excised and subjected to various chilling and light treatments un-
der conditions which prevented water stress. The CER of chilled and con-
trol cotyledons were measured at various treatment intervals and compared 
as% of control. Four CER measurements were made for each treatment at 
each interval. It should be stressed that CER was always measured upon 
transfer to 28 C in the light. Photosynthesis would naturally be reduced 
at low temperatures, but if injury does not occur, this photosynthetic re-
duction should be readily reversible upon return to warmer temperatures. 
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1. Treatment conditions 
The effects of chilling in the absence of light were determined from 
excised cucumber cotyledons chilled 1-10 hours in the dark at 5 C. CER 
was measured at 1-hour intervals for 10 hours and compared to the CER of 
the control. Controls consisted of cotyledons excised at the same time as 
the chilled tissues and floated on 1% sucrose in the dark at room temper-
ature (about 20 C). 
The effect of chilling in the presence of incandescent light was de-
termined from excised cotyledons chilled at 2, 6, and 8 C for 2-13 hours 
under PAR of 440 ~E m-2 sec-1. CER was measured at approximately 2-hour 
intervals for 13 hours and compared with the CER of controls. Control 
cotyledons were excised at the same time as treated cotyledons and were 
maintained under room light and temperature conditions. 
The effect of light intensity was determined from excised cotyledons 
chilled at 2 or 6 C under PAR of 44 or 87 ~E m-2 sec-1 supplied by fluores-
cent lights. Light intensities were regulated by placing layers of cheese-
cloth between the lights and the chilling chamber. CER was measured after 
2 and 4 hours of chilling and compared with controls kept under room light 
and temperature conditions. 
The effect of light quality was determined from excised cotyledons 
chilled at 6 C under fluorescent lights giving PAR of 92 ~E m-2 sec-1 In 
the latter experiment, light was filtered through blue or orange plexiglass. 
CER was measured at 1-2 hour intervals and compared with the controls which 
were kept in the light at room temperature. 
The effect of light and dark on recovery from chilling was determined 
from cotyledons chilled under fluorescent lights giving PAR of 
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440 ~E m-2 sec- 1 at 6 C for 6 hours, or at 2 C for 2, 4, 6 and 8 hours, 
after which the temperature was raised to 16 C. Some of the chilled 
cotyledons were allowed to recover at 16 C for 20 hours in the light or 
the dark, or for 10 hours in the light followed by 10 hours in the dark. 
CER was measured at 2 hour intervals during chilling and 10 hour intervals 
during recovery and compared with the controls which were kept in the 
light at room temperature. 
2. Chilling chamber and light sources for treatments 
The chamber used to chill excised cotyledons was designed by Garber, 
Nus and Rolph and consisted of a plexiglass water jacket built around 2 
Pyrex pans such that chilled water could be circulated with a compressor 
circulator (Landa K-21R), across the outer surface of the pans. Each pan 
was divided into 3 sections which held a 1% sucrose solution on which the 
excised cotyledons were chilled. The floating of excised cotyledons on 
this solution allowed the tissues to retain turgor during chilling. The 
entire chamber was insulated with 5 em of styrofoam and the solution in the 
pans could be cooled to 2 C. A separate plexiglass chamber allowed the 
circulation of a 2 em thick layer of tap water which acted as an infrared 
radiation filter between the lights and the treatment chamber. Tempera-
tures within the treatment chamber were monitored with alcohol thermometers 
or with thermocouples. 
Two separate light sources were employed in these treatments. One 
light source consisted of four, 300 watt flood lights capable of producing 
-2 -1 PAR of 440 ~Em sec at a distance of 30 em. The other light source was 
a unit consisting of six, 40 watt cool-white fluorescent bulbs. Due to 
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their low heat output, the fluorescent lights could be placed directly on 
top of the chilling chamber, and in this position they produced PAR of 
about 440 pE m-2 sec- 1. 
C. Results and Discussion 
CER was unaffected after chilling for 1-10 hours at 5 C in the dark 
(Fig. 4). CER of chilled cotyledons varied, but was equal or greater than 
CER of controls. The results indicate that in the absence of water stress, 
chilling in the dark for periods of up to 10 hours are not injurious to 
photosynthesis. 
CER was reduced after chilling in the light, and the extent of this 
reduction was proportional to the length of chilling (Fig. 5). The length 
of chilling necessary before a reduction in photosynthesis occurred was de-
pendent on the chilling temperature, with the lag phase being shorter at 
lower temperatures. Photosynthetic reductions were first observed after 
2, 4, and 6 hours of chilling at 2, 6 and 8 C respectively. The results 
show that in the absence of water stress, light-chilling may be injurious 
to photosynthesis depending on the duration and temperature of chilling. 
Increasing light intensity increased the CER reductions observed 
after chilling at 6 C but not at 2 C (Fig. 6). A 4 C drop in the chilling 
temperature had a more pronounced effect on injury than did a doubling of 
the light intensity at 6 C. This suggests that at the lower temperatures 
within the chilling range light intensities are not critical, with a very 
low intensity being sufficient to cause injury. Light intensities may be-
come more important in reducing photosynthesis at higher temperatures 
within the chilling range. 
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Incandescent lights seem to be more injurious to photosynthesis than 
fluorescent lights at a chilling temperature of 6 C for 4-5 hours (Fig. 7). 
Incandescent lights have a higher proportion of the longer (red) wave-
lengths and this may account for their greater effectiveness in causing 
injury. Orange light was more injurious than blue light after 2, 4 and 5 
hours of chilling (Fig. 8). Although the differences were not great, there 
appears to be a difference in the effectiveness of various wavelengths to 
cause injury at chilling temperatures, with the longer wavelengths being 
more injurious than the shorter wavelengths. 
Recovery of photosynthetic activity after light-chilling was dependent 
on recovery temperature and the presence or absence of light during re-
covery (Fig. 9). Recovery did not occur in the dark at 6 C, even though 
these conditions were previously shown to be non-injurious (Fig. 4). Some 
recovery occurred after 9 and 20 hours at 16 C in either the light or the 
dark, with recovery being greater in the dark than in the light. At 16 C, 
removal of the light after 9 hours stimulated recovery as compared to re-
covery under continuous light. 
The period of time excised cotyledons were subjected to chilling in 
the light had a marked effect on photosynthetic recovery at 16 C (Fig. 10). 
The longer the exposure of the cotyledons to chilling in the light, the 
more important the presence of light became during photosynthetic recovery. 
After 2 hours of chilling in the light (Fig. 10-A), cotyledon CER was re-
duced to 70% of the control. Recovery of photosynthesis occurred at 16 C 
after 10 and 20 hours in both the light and the dark, with recovery being 
greater in the dark than in the light. Removal of the light after 10 hours 
at 16 C stimulated recovery. After 4 hours of chilling in the light 
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(Fig. 10-8), cotyledon CER was reduced to 20% of the control. Photosyn-
thetic recovery occurred at 16 C in both the light and the dark after 10 
hours, with recovery being much greater in the dark. After 20 hours, 
photosynthesis continued to recover slightly in the dark but declined in 
the light. Removal of the light after 10 hours at 16 C, again stimulated 
recovery. After 6 hours of chilling in the light (Fig. 10-C), cotyledon 
CER was reduced to zero and subsequently recovered in light, but not in 
dark at 16 C. After 20 hours at 16 C in the dark, CER had recovered from 
0 to 35% of the controls. After 8 hours of chilling in the light (Fig. 
10-D), cotyledon CER was again reduced to zero. No photosynthetic re-
covery occurred at 16 C in the light. A small recovery occurred after 10 
hours at 16 C in the dark, but CER declined again to zero after 20 hours. 
The effects seen in these experiments may be of practical signifi-
cance. These results suggest that covering plants to protect them from 
light may be a means of alleviating chilling injury. In a field situation 
where chilling temperatures are of short duration or alternate with warmer 
temperatures during the day, performance would be a factor of both the 
extent of the injury, and the rate of recovery from the injury. If in-
jury can not be prevented, then covering plants may provide conditions 
which optimize recovery from chilling injury. These results apply only 
to excised leaf systems, however~· and the water stress that occurs when 
thermophilic plants are chilled either in the light or dark needs addi-
tional study. 
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V. EFFECTS OF CHILLING TEMPERATURES 
ON INTACT SEEDLINGS 
A. Introduction 
The mechanism of injury to thermophilic plants during chilling in 
the light appears to differ from that during chilling in the dark. Wilt-
ing occurs during chilling of intact thermophilic plants, and photosynthe-
sis is reduced after chilling in either the light or the dark (6, 7, 15, 
35, 57). Under conditions that preclude water stress, however, photosyn-
thesis of excised cucumber cotyledons is reduced after chilling in the 
liOht (Fig. 5), but not after chilling in the dark (Fig. 4). It appears 
that the reduction in photosynthesis that occurs after dark-chilling of 
intact plants is due to chilling-induced water stress, while that occurring 
after light-chilling is due to both chilling-induced water stress, and also 
a more direct effect of light and low temperature. A study was conducted 
to observe the effects on subsequent cotyledon photosynthesis of chilling 
intact cucumber seedlings in the light or the dark. The effects of chill-
ing the shoots only were also observed, and the contribution of transpira-
tion to the induction of water stress during chilling was assessed. 
B. Materi als and Methods 
The study consisted of 3 treatments designed to determine the effect 
on subsequent cotyledon CER of light- or dark-chilled intact cucumber 
seedlings, and to determine the effect of chilling on cotyledon stomatal 
apertures as measured by diffusive resistance or by stomatal impressions. 
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1. CER determinations 
The first treatment was initiated by planting seeds in 4 flats and 
maintaining them in a greenhouse throughout germination as previously de-
scribed. Two weeks after planting (during Phase I), 2 flats were placed 
into each of 2 growth chambers (Percival). Both chambers were maintained 
at 5 C + 2 C. One chamber was kept dark, while the other was illuminated 
with a mixture of fluorescent and incandescent lights giving PAR of about 
230 pE m-2 sec-1 at plant level. One flat in each chamber was insulated 
with styrofoam and equiped with soil heating cables that maintained a mini-
mum soil temperature of 20 C. Soil temperatures in the unheated flats 
were allowed to equilibrate with the temperature in the chamber, this being 
about 80% complete after 4 hours. After either 1, 2.5, or 4 hours of 
chilling, 4 CER measurements were made on cotyledons from each treatment 
and compared with greenhouse-grown controls. 
2. Diffusive resistance 
A second treatment was initiated with seedlings established in flats 
and maintained in a greenhouse as previously described. Two weeks after 
planting (during Phase I}, the flats were placed in growth chambers for 12 
hours at 25 C either under continuous darkness or in the presence of con-
tinuous PAR of 230 pE m-2 sec-1. After this 12 hour period, the plants 
were removed, from the dark or the light, to a walk-in growth chamber that 
was maintained at 5 C in either the dark or in the presence of PAR of 
-2 -1 150 pE m sec • Tne soil temperature in some flats was kept at 20 C or 
above with heating cables. Cotyledon diffusive resistances were measured 
at various intervals with a Li-Cor diffusive resistance meter which had 
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previously been calibrated at 5 C. To obtain an approximation of the 
normal (non-chilling) range of diffusive resistances, measurements were 
made of cotyledon diffusive resistances from cucumber seedlings kept in 
the dark at 17 Cor under natural, clear-sky illumination at 27 C. Mea-
surements in all cases were made on the abaxial surface of the cotyledons. 
3. Stomatal impressions 
A third treatment was initiated by establishing flats of cucumbers in 
a greenhouse for 2 weeks, after which time they were removed to a growth 
chamber maintained at 5 C under PAR of 150 uE m-2 sec-1. At various inter-
vals, stomatal impressions were made of the abaxial surface of the cotyle-
dons. These impressions were made by mixing a portion of liquid RTV sili-
con rubber with a few drops of curing catalyst and spreading this mixture 
on the cotyledons (56). After the silicon rubber had set, the cotyledon 
was carefully removed from the rubber cast. These casts were painted with 
clear nail polish. The nail polish was peeled from the cast after it dried 
and the result was a positive impression of the cotyledon. These impres-
sions were observed under a microscope to note the degree of stomatal open-
ing or closure. 
C. Results and Discussion 
Chilling of intact cucumber seedlings at s·c resulted in a reduction 
in subsequent cotyledon CER under all treatment conditions (Fig. 11). 
Chilling in the dark resulted in a lower rate of injury expression than 
chilling in the light, irrespective of root temperature. Rates of injury 
expression were lessened by warming the roots. The pattern of injury 
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expression noted in intact cucumber seedlings differed from that of ex-
cised cotyledons chilled in the light in the absence of water stress. In-
jury occurred sooner and with no lag phase when intact seedlings were 
chilled. The chilling of intact seedlings caused water stress that was 
visible as a loss of turgor after a few hours of chilling. Wilting was 
more pronounced in seedlings chilled in the light than in those chilled 
in the dark . 
The differences observed between the effects of subjecting intact 
plants or excised cotyledons to chilling temperatures appears to be due to 
chilling-induced water stress. This is suggested by the fact that dark-
chilling of excised cotyledons under non-water stress conditions resulted 
in no injury . . Water uptake by roots is reduced by low temperatures (6). 
Warming the roots during chilling of intact seedlings may be expected to 
improve water relations by increasing the capacity of the roots for water 
uptake. The results show that warming the roots did reduce the rate of in-
jury expression and this suggests that water relations and particularly 
water uptake by roots, are involved in chilling injury to intact cucumber 
seedlings. The warming of the roots slowed, but did not prevent injury, 
and a reduction in water uptake by chilled roots seemed to be only partial-
ly responsible for the photosynthetic reductions and the wilting that oc-
curred when intact seedlings were chilled. Th i s is in contrast to the re-
sults of Crookston et ~- (6) who found that warming the roots during dark-
chilling prevented injury in Phaseolus vulgaris L. 
The diffusive resistances of cucumber cotyledons under all chilling 
treatments ranged from 8 to 15 sec cm- 1 (Fig. 12), and were higher than 
resistances noted under non-chilling conditions. Diffusive resistances 
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from cotyledons of cucumber seedlings kept in the dark at 17 C were 
-1 7 sec em , and those from seedlings kept under natural, clear-sky 
illumination were 1 sec cm-1. Diffusive resistances increased rapidly up-
on chilling. At the earliest measurement after chilling (3 minutes) re-
sistances in all treatments ranged from 11 to 15 sec cm-1. Warming the 
roots did not result in a consistent difference in diffusive resistances. 
Seedlings treated at 25 C in the light for 12 hours seemed to have higher 
resistances upon chilling than seedlings treated to 12 hours at 25 C in 
the dark. Turning on the lights during dark-chilling did not seem to 
alter diffusive resistances. There were considerable differences in the 
diffusive resistances of cotyledons under the various treatments. The 
data, however, does not suggest a simple explanation of these differences. 
Stomatal impressions showed that the stomata of cotyledons subjected to 
chilling in the light were tightly closed. 
The data suggests that transpiration is reduced under chilling con-
ditions, and seems inconsistent with the wilting observed in intact seed-
lings which were chilled while the roots were kept warm. Wilson (57) sug-
gested that wilting during chilling in Phaseolus vulgaris L. is due to ~n 
increase in transpiration when root resistance to water uptake is high. 
Perhaps the rates of transpiration, even though reduced, are still suffi-
cient to account for the wilting observed duri ng chilling of cucumber seed-
lings. The fact that warming the roots during chilling did not completely 
alleviate water stress suggests that water flow through stem tissues may 
be reduced at chilling temperatures. Further research is necessary to de-
termine the cause of wilting during exposure to chilling temperatures. 
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VI. CONCLUSION 
The main objective of this thesis was to characterize the after-
effects of light and chilling temperatures on photosynthesis in cucumber 
cotyledons. The first study introduced the topic of light enhancement 
of chilling injury and demonstrated growth reductions in cucumber seed-
lings under simulated spring field conditions. Other studies presented 
evidence supporting the use of cotyledons in studying the aftereffects 
of chilling on photosynthesis in cucumber seedlings, and determined the 
stages of development when cotyledons contribute significantly to photo-
synthesis. The remaining studies investigated the effects on photosyn-
thesis of chilling cucumber cotyledons under various light and chilling 
conditions. 
Cotyledons were chilled either on the plant or under conditions 
which prevented water stress. The results suggested that chilling-induced 
water stress was a major cause of the reductions in photosynthesis ob-
served after chilling of intact plants. This seemed especially true of 
intact plants chilled in the dark, as dark-chilling in the absence of 
water stress was non-injurious. Chilling-induced water stress was ob-
served to be only partially due to increased resistance to water uptake 
by chilled roots, as warming thA roots during chilling alleviated wilting 
only slightly. Increased transpiration did not seem to account for the 
wilting observed during chilling as stomatal resistances were found to be 
high during chilling. 
Light is a major factor contributing to injury at chilling tempera-
tures, for in the absence of water stress, cotyledon photosynthesis was 
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reduced after chilling in the light but not after chilling in the dark. 
Under light-chilling conditions, injury occurred more rapidly at lower 
temperatures than at higher temperatures within the chillin~ range. 
Varyirig light intensity had little or no ; effect on injury at lower temper-
atures within the chilling range. At higher chilling temperatures, injury 
6ccurred more rapidly with increasing light intensity. Longer wave-
lengths of light seemed to be more injurious than shorter wavelengths. 
Recovery of photosynthesis from light-chilling-induced reductions occurred 
more rapidly in the dark than in the light. The longer the exposure to 
light-chilling the greater was tne difference between recovery in the light 
and in the dark. 
Photosynthesis is a complex process which is controlled by an intri-
cate coordination of many events involving the entire plant. This com-
plexity accounts for the sensitivity of photosynthesis to environmental 
stress and is responsible for some difficulty in the interpretation of 
the results of tnis study. In intact plants, reductions in photosynthesis 
were likely due to increased stomatal resistance after chilling. This 
is suggested by the observation that chilling greatly increased diffusive 
resistance and that stomates may require up to 24 ho~r.s to open fully 
after being subjected to water stress (7). In excised cotyledons, the 
reductions are more likely due to a more direct effect of light and low 
temperatures on chloroplast functions (12), as water stress was not in-
volved. Whether the observed reductions in photosynthesis are due to 
stomatal or chloroplast effects, measurement of photosynthesis (CER) is 
still a sensitive and practical assay of chilling injury in thermophilic 
plants. 
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Further research is necessary to determine the mechanism of chilling-
induced wilting. It seems that this wilting is due to a disruption of 
water relations which cannot be explained entirely by either increased 
resistance to water uptake in chilled roots or by excessive transpiration-
al water losses during chilling. The evidence suggests that reduction in 
water movement through the stem at chilling temperatures also may be 
i~volved. A comparison of the effects of temperature on water movement 
through stems of chilling-sensitive and chilling-resistant plants might 
be useful in explaining how low temperatures cause wilting. 
Further research is also necessary to determine why the presence of 
light during chilling is injurious to photosynthesis. One hypothesis might 
be that injury results from the excitation of the photosystem pigments at 
a time when electron flow through the electron transport system (ETS) is 
greatly reduced. This absorbed light energy cannot be utilized in the 
normal manner and may instead be involved in reactions which are destruc-
tive to the photosynthetic machinery of the cell. 
What allows some plant species to tolerate low temperatures while 
others cannot is the central question in chilling injury research. The 
answer may someday allow low temperature tolerance to be artificially 
induced in chilling-sensitive species. Such a capability would allow 
certain crops to be produced in areas that are not presently suitable and 
would undoubtedly result in increased food production. As a result, 
chilling injury research holds great promise for the future. 
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